BACKGROUND: Immunotherapy has changed the therapeutic landscape in oncology. Advanced uterine leiomyosarcoma (ULMS) remains an incurable disease in most cases, and despite new drug approvals, improvements in overall survival have been modest at best. The goal of this study was to evaluate programmed-death 1 (PD-1) inhibition with nivolumab in this patient population. METHODS: This single-center phase 2 trial completed enrollment between May and October 2015. Patients received 3 mg/kg of intravenous nivolumab on day 1 of each 2-week cycle until disease progression or unacceptable toxicity. The primary endpoint was objective response rate. We assessed PD-1, PD-ligand 1 (PD-L1), and PD-L2 expression in archival tumor samples and variations in immunephenotyping of circulating immune cells during treatment. RESULTS: Twelve patients were enrolled in the first stage of the 2-stage design. A median of 5 (range, 2-6) 2-week cycles of nivolumab were administered. Of the 12 patients, none responded to treatment. The overall median progression-free survival was 1.8 months (95% confidence interval, 0.8-unknown). The study did not open the second stage due to lack of benefit as defined by the statistical plan. Archival samples were available for 83% of patients. PD-1 (>3% of cells), PD-L1, and PD-L2 (>5% and >10% of tumor cells, respectively) expression were observed in 20%, 20%, and 90% of samples, respectively. No significant differences were observed between pre-and posttreatment cell phenotypes. CONCLUSION: Single-agent nivolumab did not demonstrate a benefit in this cohort of previously treated advanced ULMS patients. Further biomarker-driven approaches and studies evaluating combined immune checkpoint-modulators should be considered. Cancer 2017;123:3285-90.
INTRODUCTION
Uterine sarcomas account for nearly 3% of all uterine malignancies, of which uterine leiomyosarcoma (ULMS), a malignant tumor of smooth muscle lineage differentiation, constitutes the most common subtype with an annual incidence of 0.64 per 100,000 women. [1] [2] [3] Treatment for early stage localized ULMS is usually surgical, however, ULMS is characterized by a high propensity for hematogenous spread and high recurrence rates, with local and distant failures of 45%-80%. [4] [5] [6] Systemic treatments for advanced ULMS with doxorubicin-or gemcitabine-based regimens typically demonstrate a median progression-free survival (PFS) period of 6-8 months and a median overall survival (OS) of fewer than 2 years. [7] [8] [9] Even the most recently approved drugs for sarcoma subtypes (including ULMS), pazopanib and trabectedin, have not shown an OS benefit in clinical trials, thus a search for effective systemic treatments for ULMS is ongoing. 10, 11 Although the efficacy of checkpoint inhibitors in sarcoma has not been established, immunotherapy has shown potential activity in a specific sarcoma subtype, synovial sarcoma, and an association between tumor immune infiltration and outcome in leiomyosarcoma has been observed. [12] [13] [14] Infiltration of programmed-death 1 (PD-1)-positive lymphocytes and programmed-death ligand 1 (PD-L1)-positive tumor cells in soft tissue sarcoma has been associated with poor clinical outcomes. 15 Moreover, ULMS is associated with infiltration of tumor-associated macrophages (TAMs). TAMs exert a suppressive tumor microenvironment through L-arginine depletion (by arginase-1) and production of reactive oxygen species and nitric oxide radicals; this in turn induces down-regulation of T cell receptor and cell cycle arrest, resulting in suppression of T cell function and T cell anergy. 16, 17 High numbers of TAMs also correlate with tumor progression and metastases and have been associated with poor prognosis in gynecological leiomyosarcoma. 12, 13 Nivolumab, a fully human IgG4 PD-1 immune checkpoint inhibitor antibody, selectively blocks the PD-1 receptor, interrupting the interaction with PD-L1 and PD-L2, expressed both on tumor cells and immune cells. 18 Disruption of the PD-1 and PD-L1 axis has been shown to restore antitumor immunity and enhance clinical activity resulting in superior survival outcome in metastatic melanoma, non-small cell lung cancer, and renal cell carcinoma. [18] [19] [20] Because of the potential relevance of immune regulation in ULMS, the current study was performed to evaluate immune checkpoint inhibition with nivolumab in patients with advanced ULMS.
PATIENTS AND METHODS

Patients and Treatment
This single-center, 2-stage phase 2 trial of nivolumab was conducted among patients with histologically confirmed advanced ULMS-defined as metastatic or unresectable ULMS-who received at least 1 prior line of chemotherapy, either in the adjuvant or metastatic setting. Patients were 18 years of age or older, had an Eastern Cooperative Oncology Group performance status of 1, had at least one measurable lesion according to Response Evaluation Criteria in Solid Tumors (RECIST 1.1), and had normal organ and marrow function. 21 Patient ineligibility included prior treatment with an anti-PD-1, anti-PD-L1, anti-PD-L2, anti-cytotoxic T lymphocyte antigen-4 (CTLA-4) antibody, or other antibody or drug specifically targeting T cell costimulation or immune checkpoint pathways, active autoimmune disease, active brain metastasis or leptomeningeal disease, or required systemic glucocorticoid-replacement therapy (>10 mg daily prednisone equivalents) or other immunosuppressive medications within 14 days of study drug administration. All patients received 3 mg/kg of nivolumab every 2 weeks until disease progression or unacceptable toxicity. Cycle length was defined as 2 weeks.
Study Design
This 2-stage trial was designed to assess the objective response among patients with advanced ULMS treated with nivolumab using the exact binomial distribution. With a null hypothesis of 5% and an alternative hypothesis of 20%, 12 patients were required in the first stage and 25 patients were required in the second stage. At least one response among 12 patients was needed to continue onto the second stage. The overall power was 90%, the overall type 1 error was 9%, and the probability of stopping at the first stage under the null hypothesis was 54%.
Outcomes
The primary objective of this trial was objective tumor response rate, defined as complete or partial response per RECIST 1.1 criteria. 21 Disease assessment was planned to be performed every 12 weeks. In addition to the planned disease assessment, additional disease assessments could be performed at the investigators' discretion in the event of clinical decline as would be consistent with standard of care. Secondary objectives included investigator-assessed PFS-defined as the duration of time from start of treatment to time of objective disease progression or death from any cause, whichever occurred first-and evaluation of nivolumab toxicity assessed per Common Terminology Criteria for Adverse Events 4.0.
Correlative Biomarkers
We explored the relationship between objective response rate and PFS to specific markers of immunomodulation including PD-1, PD-L1, and PD-L2 expression (see Supporting Information) in archival tumor material, and whenever possible, in prestudy (ie, before the first dose of nivolumab) and on-treatment (ie, between weeks 4 and 6) biopsies. The percentage of the tumor cells staining positive for PD-L1 and PD-L2 and the intensity of the tumor cells were recorded as 0 (no staining), 11 (weak staining), 12 (moderate staining) and 13 (intense staining). Absolute PD-1-positive cells were counted under a microscope at 320 power field. PD-1 positivity was defined if >3% positive cells/high power field, and PD-L1/PD-L2 were considered positive if >5% and 10% of tumor cell population demonstrated unequivocally staining (11, 12, or 13 intensity), respectively. We hypothesized that PD-1, PD-L1, and PD-L2 expression, either alone or in combination, may identify a subset of patients with ULMS who are more likely to respond to nivolumab.
We also prospectively monitored peripheral blood for changes in immune function using peripheral blood mononuclear cells (PBMCs) isolated from whole blood samples drawn before each dose of nivolumab for the first 12 weeks and at off-study. Surface staining with a panel of antibodies (CD3, CD4, CD8, CD25, FoxP3, CD11c, CD83, CD86, CD56), followed by flow cytometry, were performed to identify T regulatory cells, natural killer and natural killer T cells, T cell activation and checkpoint markers, and memory T cells. Data from pre-and posttreatment cryopreserved PBMCs were analyzed to identify cell populations specified above as percent of the parent population (see Supporting Information). 22 
Statistical Analysis
All enrolled patients who received at least 1 dose of the study drug were eligible for efficacy and toxicity analyses. Two-sided 95% exact binomial confidence intervals were computed for objective response. PFS and OS were estimated using the Kaplan-Meier method. For outcomes other than response, a 2-sided P < .05 defined statistical significance. STATA version 13 (StataCorp, College Station, Texas) was used for all analyses.
RESULTS
Patient Characteristics
Between May and October 2015, 12 patients were enrolled and received at least 1 dose of nivolumab. The median age at registration was 54.5 years (range, 29-73 years). All patients had received at least 1 prior chemotherapy regimen with a median of 4 prior therapies (range, 1-10). Patient characteristics are listed in Table 1 .
Treatment and Response
Nivolumab was administered in 2-week cycles, with median of 5 cycles (range, 2-6 cycles). Five patients experienced RECIST 1.1-defined disease progression during cycles 2-4 (weeks 2-8). A total of 9 patients were removed from the study due to progressive disease per RECIST 1.1. One additional patient experienced clinical progression that was not confirmed radiographically, and 2 patients were removed for investigator/patient choice. Objective responses were seen in 0 of 12 patients. At least 1 response was required to continue onto the second stage; therefore, the trial was closed at the completion of the first stage.
PFS and OS
Survival analysis included all patients. The overall median PFS was 1.8 months (95% confidence interval, 0.8-unknown) (Fig. 1) . Because of the small number of patients in the cohort and limited follow-up, the median OS was not met (Fig. 2) ; however, 4 of the 12 patients died during the 100-day study follow-up period. All deaths were due to disease progression.
Correlative Studies
Archival formalin-fixed paraffin-embedded tissue samples were available for correlative studies in 10 of the 12 patients. Immunohistochemistry staining of archival tumor samples was positive (>3% cells) for PD-1 expression in 2 samples, PD-L1 expression (>5% tumor cells) in 2 samples (one positive also for PD-1), and PD-L2 (>10% tumor cells) in 9 of the 10 samples. An ontreatment sample (after cycle 3) was available for 1 patient and showed inflammation that was not present in the patient's archival tumor; however, both tumor samples were negative for PD-1 expression. Staining for PD-L1 and PD-L2 expression demonstrated increased positivity in the on-treatment sample from 10% to 20% and 20% to 50%, respectively. This patient received a total of 6 cycles (12 weeks) of nivolumab before disease progression. Pretreatment and 5-8 weeks posttreatment immunephenotyping of PBMCs by flow cytometry was performed for all patients and compared using a paired t test. There were no significant differences between any of the preand posttreatment cell phenotypes or T cell activation/ checkpoint markers (eg, CD31CD81PDL11, CD31CD81ICOS1).
Adverse Events
Nine patients experienced a grade 3 or higher toxicity of any relationship to study drug. Three patients experienced toxicity at least possibly related to study drug, which included grade 3 abdominal pain, grade 4 serum amylase and lipase increase, and grade 3 fatigue. Details are described in Table 2 . DISCUSSION Current systemic treatment options for patients with metastatic ULMS include gemcitabine-or anthracyclinebased chemotherapy, the multikinase inhibitor pazopanib, and trabectedin. As of today, each of these regimens offer a median PFS of several months; however, a consistent benefit in OS has not yet been demonstrated. Anti-PD-1/PD-L1 inhibition has shown unprecedented clinical activity and durable responses across a variety of solid tumors, including previously considered "lowimmunogenic" tumors such as non-small cell lung cancer and bladder carcinoma. 20, 23 This phase 2 trial did not show clinical activity for nivolumab among patients with ULMS in terms of objective response or progression-free survival. The lack of response with nivolumab observed in our cohort of patients correlates with results from the SARC028 phase 2 study, which evaluated PD-1 blockade using the anti PD-1 antibody pembrolizumab in patients with advanced soft tissue and bone sarcomas. The soft tissue arm comprised four subtypes (leiomyosarcoma, liposarcoma, undifferentiated pleomorphic sarcoma, and synovial sarcoma), and the overall response rate was 17.5% observed among patients with undifferentiated pleomorphic sarcoma (4/10), liposarcoma (2/10), and synovial sarcoma (1/10), whereas no response was observed among the leiomyosarcoma cohort (0/10). 24 ULMS is a disease of complex cytogenetic and molecular aberrancies; genome-wide array-based comparative genomic hybridization show chromosomal aberrations with specific regions of high level gain and loss, thus the underlying determinants driving this disease continue to be elucidated. 25 Furthermore, little is known about tumor antigens which drive effective anti-tumor response in CD8 T cells activated by checkpoint blockade immunotherapy. During the last decade, next generation sequencing has provided considerable data on the landscape of somatic mutations in human tumors and their remarkable high frequencies. It has been shown that peptides encoded by some of these mutated genes, after being processed and presented on cell surface major histocompatibility complex class I molecules, can elicit T cell immunoreactivity, although these antigens remain almost completely undefined. 26 Hopefully, a more comprehensive recognition of these immunogenic mutations in specific cancer types, including ULMS, would allow for better patient selection and outcome in response to anti-PD-1 therapy.
This study has several limitations. In addition to the small cohort of patients, immunohistochemistry staining 27, 28 Furthermore, PD-L1 expression was not a prerequisite eligibility criterion in our trial, resulting in an 80% negative PD-L1 expression in evaluable archival tumors. Although the debate is ongoing as to the use of PD-L1 as a biomarker for treatment response, higher expression levels of PD-L1 have correlated with higher response rates in other solid tumors, such as melanoma and non-small cell lung cancer. 19, 29 We also observed low staining of CD4 and CD8 lymphocytes infiltrate in tumor samples which is in concordance with the low PD-L1 expression, and may further explain the lack of response to anti-PD-1 therapy in this study. [30] [31] [32] Nevertheless, dysfunctional antitumor T cells may be kept unresponsive by more than one repressor, thus a combination of 2 immune checkpoint inhibitors may enhance the antitumor activity of each individual treatment. 33 Indeed, combination therapy with nivolumab and another immune checkpoint inhibitor, ipilimumab, a CTLA-4 antibody, has demonstrated superior efficacy over nivolumab or ipilimumab monotherapy in melanoma where subgroup analysis suggested a greater benefit with combination therapy in the context of PD-L1-negative tumors, where a prolongation of PFS of more than double was noted for the combination arm versus nivolumab monotherapy in PD-L1 negative tumors. 34, 35 Furthermore, a case of an exceptional response to pembrolizumab in a patient with metastatic ULMS has been reported, tumor regression at multiple metastatic sites occurred within a relatively short period of time (2 months) and complete pathologic response at responsive tumor sites was observed at time of surgery. 36 Although far from being representative, it shows a potential benefit for PD-1/PD-L1 axis inhibition in ULMS, and should encourage further exploration of predictive biomarkers for response to immune checkpoint modulators in ULMS.
In conclusion, single-agent nivolumab did not demonstrate benefit in this cohort of previously treated patients with advanced ULMS. Due to the interesting association of TAMs and ULMS, investigation of additional novel combinations of immunotherapy in this disease should be considered.
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